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RESEARCH OBJECTIVES AND SUMMARY OF RESEARCH
The Microwave Spectroscopy Group has work in progress in the following fields.
1. Metals
The work in progress on metal RF transport properties consists of theoretical studies
of the contribution of the surface condition and the effect of small magnetic fields on
surface impedance. The central problem is that of separating electron mean-free-path
effects from the effect of the topology of the Fermi surface. Experimental work is cen-
tered on measurements of gallium and copper.
2. Microwave Ultrasonic Studies
Studies are in progress to analyze the metal-substrate reflection coefficient for tin
films on a quartz substrate. The experiments will elucidate the properties of the ther-
mal boundary-layer resistance.
3. Superconducting Bolometers: Vortex Flow Shot Noise
Work is in progress measuring the dependence of this noise on physical parameters
of the bolometer such as thickness, width, method of fabrication, bias current, and
applied static magnetic field. Although we will be able to describe the excess vortex
noise in a fairly complete manner, it is uncertain whether the available model of vortex
behavior in the transition region will enable us to describe the source of the noise.
4. Second-Harmonic Spectroscopy
Second-harmonic paramagnetic resonance spectroscopy has been shown to be a useful
tool for studying paramagnetic phenomena such as the line-narrowing effect of strong
RF fields. We have started work to develop second-harmonic spectroscopy in gases.
This will be carried out at microwave frequencies, but it could be extended later to use
laser sources. By eliminating the source and its noise field, second-harmonic spec-
troscopy appears to be useful as a simple device for monitoring the presence of specific
gases.
This work was supported by the Joint Services Electronics Programs (U. S. Army,
U. S. Navy, and U. S. Air Force) under Contract DAAB07-71-C-0300.
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5. Dielectric Waveguide Calculations
Useful transmission lines and resonators can be made of low-loss high dielectric
constant crystals and ceramics without using metal walls to contain the fields. The
electric field energy is concentrated in the dielectric, while the magnetic fields fringe
into the surrounding space. It is difficult to obtain field solutions for rectilinear objects,
but by a good choice of functions highly accurate field calculations can be made. We
plan to treat fundamental and higher mode propagation for rectangular waveguides and
resonators of different aspect ratios.
M. W. P. Strandberg, R. L. Kyhl
A. FLUCTUATION EFFECTS IN SUPERCONDUCTING FILMS
The purpose of this report is twofold: to review some of the noise properties
found in superconducting thin films, and to discuss the generation of coherent RF sig-
nals discovered in some superconducting samples.
1. Noise Properties
We chose tin and indium films as samples because these Type I superconductors are
easy to work with experimentally, and, since these films proved useful as supercon-
ducting bolometers, we felt that a study of their electrical noise properties would pro-
vide greater understanding of their limitations as
bolometers.
It is quite important that the film geometry be accu-
rately controlled. Only in this way can the noise dependence
on such parameters as film width, length, and thickness,
current density, magnetic field, and temperature be accu-
rately determined. The films that we used were made by
standard evaporation techniques onto a single-crystal sub-
strate disk of 1-in. diameter, at a pressure of approxi-
-5
I in. mately 10 - 5 mm Hg. After evaporation the final film
geometry was prepared by photoetching techniques. Film
widths ranged from 0. 2 mm to 3. 2 mm, and lengths varied
from -1 cm to 40 cm. Figure II-1 shows two master
drawings used for producing films 0. 8 mm in width. The
film thickness was monitored during evaporation by a
standard quartz oscillator, and measured afterward with
a Zeiss dual-beam interference microscope. This thick-
ness was kept between 1000 and 7000 A.
Fig. II-1. There are at least three main sources of voltage
Master drawings. noise in superconducting thin films: helium-bubble,
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thermal-fluctuation, and flux-flow noise. A basic understanding of these mechanisms
is essential for understanding the experimental results. In the superconducting transi-
tion region where the film passes from the superconducting to the normal state, film
resistance depends strongly on temperature because the width of this region may be only
a few millidegrees. Any temperature fluctuation in this region will greatly affect
the resistance, and, in the presence of a bias current, voltage fluctuations will exist.
The boiling of liquid helium produces temperature fluctuations in the film, and leads
to a I/f 2 noise spectrum. This noise mechanism is a property of the helium bath more
than of the film itself, and as such is not very interesting. We only mention it because
it was found to be the dominant source of noise below 10 kHz, and prevented accurate
measurement of the more interesting flux-flow noise at low frequencies.
Resistance fluctuations caused by equilibrium temperature fluctuation (in the
presence of a bias current) is another source of voltage noise. The noise spectrum can
be found by solving the bolometer equation1 for the voltage correlation function, under
the assumption of a linear relationship between resistance and temperature. This cor-
relation function leads directly to the noise power density function by the Wiener-
Kintchine theorem. For currents much less than the critical thermal runaway current
(this current arises from the bolometer equation solution) the noise spectrum is pro-
portional to i 2 ( dR) 2 /1 + (2rnf)2 2  where
i = bias current in the film
R = resistance of the film
T = temperature of the film
7 = thermal time constant describing the time for a temperature disturbance to
be damped out.
In some films the time constant is found to be less than 50 ns in zero magnetic field.
The important features here are the current and dR/dT dependence of the noise spec-
trum. In nearly all instances the noise from the thin films does not have the expected
thermal dependence for these two parameters. We believe that a flux-flow mechanism
is the dominant source of noise in these films above 10 kHz.
We shall now discuss this mechanism. Type I thin films, in the presence of a per-
pendicular magnetic field, do not display a complete Meissner effect; rather, the field
penetrates the film and forms a complex structure (called the intermediate state) of nor-
mal and superconducting regions. Magnetization measurements 2 show that the best
model to describe this structure in thin films (<5000 A) has been proposed by Tinkham. 3
Figure II-2 is a simplified picture of this model. The magnetic field penetrates the film
in the form of a flux-tube lattice of 1 flux quantum each. The normal regions, which
contain the quanta of flux, are bounded by circulating supercurrents. This picture is
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Fig. 11-2. Vortex structure showing circulating
supercurrent loops. During flux flow
motion, vortices move at velocity 7.
very similar to that proposed by Abrikosov4 to account for the bulk properties of
Type II materials.
The important feature is that the intermediate state is unstable in most instances
in the presence of a bias current through the film. This instability is caused by the
Lorentz force which tends to move the normal islands (vortices) across the film per-
pendicular to the current and external magnetic field. The motion of these vortices is
hindered or pinned by grain boundaries or other defects in the film, and usually a cer-
tain current density must be exceeded before flux-flow motion can occur. When the
vortices do move, their motion takes energy from the bias supply. This means that the
superconducting film, which had no resistance for stationary vortices, develops a resis-
tance when these vortices begin moving. This flux motion is usually accompanied by
resistance fluctuations, and most noise voltages in superconducting thin films are
believed to be caused by such a flux-flow mechanism.
In order to calculate what the noise spectrum should be for flux flow, a more detailed
model is required. Usually we assume that flux bundles move independently in the
film, and the number of vortices in each bundle is left as a free parameter. We also
assume that the bundle, created at the edge, moves at a constant speed until it reaches
the opposite edge where it is destroyed. For this simple model the noise spectrum is
only slightly affected by the assumed shape of the voltage pulse produced by each moving
bundle. If a rectangular pulse is assumed, the noise power spectrum is proportional
to
V2 sin (TfT) 2
N V is the voltage across the film, N is the number of rfvortices in each bundle, and
where V is the voltage across the film, N is the number of vortices in each bundle, and
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7 is the time for the bundle to cross the film. Although the bundle size for very thick
films can be quite large (10 5), there is some evidence that N approaches one for thin
films. The observed noise power spectrum for the thin superconducting films does not
agree with the spectrum from this single model. The discussion of the experimental
data will touch on this subject.
a. Experimental Data
The first important point is the location of the noise peaking with respect to the
transition region. This is seen in Fig. II-3 which compares the square root of the inte-
grated noise power with dR/dT for the same film. It is clearly seen that the noise is not
proportional to dR/dT. This of itself provides strong evidence that the observed noise is
not caused by thermal fluctuations. The peaking of noise in the lower part of the transi-
tion region can be interpreted as indicating that this is the only part of the transition
region where the intermediate state is mobile.
Further evidence that the noise is not caused by thermal fluctuations but rather by
a flux-flow mechanism is provided by the current dependence of the noise voltages. This
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Fig. 11-3. Constant current and temperature. V = integrated
noise power above 10 kHz.
is studied as follows. The superconducting film, held at some temperature and biased
by a fixed current density, is swept through the transition region by the application of
a perpendicular magnetic field. Recall that (Fig. II-3) the noise is observed only in the
transition region, and, typically, peaks when the film reaches 1/10 of the full normal
resistance. The interesting point is that a certain temperature- and thickness-dependent
bias current density Jo must be exceeded before any noise is observed in the trans-
ition region. The observed current density dependence is quite different from that
expected for thermal-fluctuation noise. Figure II-4 displays the temperature and thick-
ness dependences of Jo for 4 typical films. For current densities larger than J , the
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peak integrated noise power for a film swept through the transition region is roughly
2proportional to (J-Jo) , where J is the bias current density.
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Fig. 11-4. Temperature and thickness dependence of Jo
We believe that the existence of the critical current density J is related to the
mobility of the intermediate state. For very thick foils (>10 F) other experimenters 5' 6
have found that the intermediate state becomes immobile when the applied magnetic field
approaches roughly 1/2 Hc(T), where Hc (T) is the field required to destroy supercon-
ductivity with no bias current present. At low fields they consider the flux as penetrating
in isolated flux tubes as shown in Fig. II-2. As the magnetic field is increased, how-
ever, these normal regions grow and begin to take on various meandering shapes.
Although the low-field intermediate state is mobile in the presence of a bias current,
the high-field structure is not because the large normal regions are easily stuck by
pinning forces.
It is very tempting to apply this model to explain the observed critical current den-
sity Jo. For the thin-film data corresponding to every value of Jo (T), there is a mag-
netic field H (T) which is required to bring the superconducting film into the transition
region. For fields larger than H (T) no noise is observed in this transition region. The
ratio Ho(T)/Hc(T) varies from 0. 5 for the 6500 A film to 0.95 for the 1400 A film. This
would seem to indicate that the intermediate state of these two films behaves differently
under the application of high fields. The thicker film (6500A) appears to behave in
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accord with the description for the thick foils, while the thinner film (1400 A) perhaps
retains the isolated flux-tube structure up to fields approaching Hc(T).
The thickness dependence of the observed noise is further emphasized when we com-
pare the magnitude of the noise involved. The available noise power density at 10 kHz
for the 6500 A film is equivalent to the available power density from a resistor at
roughly 1,000, 0000 K. For the thinner film (1400 A) the available power density at
the same frequency is almost 100 times less than this. Even this power density greatly
exceeds that expected from equilibrium thermal fluctuations.
The noise power spectrum from 10 kHz-200 kHz follows a 1 /fa dependence for all of
the films, where a is close to unity. A high-frequency tail with a more gradual fall-off is
also observed at higher frequencies (from 200 kHz-50 MHz). Note that a 1/f spectrum is
not consistent with the simple model of independent bundles moving at a constant speed
across the film. A 1/f spectrum is typical of a noise mechanism that involves many dif-
ferent time constants. For the flux-flow vortex model a bundle forced to stop and start
several times on its path across the film could cause a 1/f dependence. But, of course,
there are many other factors that could cause a distribution of time constants when using
the vortex model.
2. Generation of Coherent RF Signals
Coherent voltage pulses were generated by some of the superconducting thin films
when these films were biased by a dc current source. These RF pulses occurred
only in the transition region, and the fundamental frequency was found to be dependent
on both current and magnetic field. The frequencies involved were in the 0. 1-30 MHz
range. Figure II-5 shows the oscilloscope and spectrum-analyzer traces for a typical
(0)
Fig. 11-5.
(a) Spectrum analyzer trace (0 -20 MHz).
(b) Pulse shape (oscilloscope sweep 12 ms/cm).
(b)
pulse. The magnitude of the pulse at the input of the wideband amplifier was approxi-
mately 50 p.V. Figure II-6 shows how the fundamental frequency can be controlled by
the bias current at a fixed magnetic field and temperature. The current can also be the
fixed parameter, and in this case the magnetic field controls the frequency.
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Fig. II-6. Fundamental frequency dependence on current and field.
Since the generation of these voltage pulses is a nonlinear effect, it is not surprising
that an RF magnetic field or current can lead to beating effects. Figure II-7a shows
the harmonic content of the pulse as displayed on a spectrum analyzer in the presence
of voltage generated by the RF field. No beating is yet observed. As the RF field
is increased (Fig. II-7b) beating occurs between each harmonic of the pulse and the
RF field. In this example the dc magnetic field and current were kept constant.
We do not know what mechanism causes these pulses. A likely candidate would
appear to be a flux -flow mechanism. We can imagine an instability in the intermediate
state whereby a large collection of flux vortices are suddenly released from their
pinning forces only to have their velocity quickly damped out after the initial release.
The observed voltage pulse (Fig. II-5) shows a fast initial rise and then an exponential
fall-off. Such a pulse shape would be expected from the model just described.
Although the source of these coherent pulses is unclear, there are a few important
points that can be made. It does not appear likely that a thermal-fluctuation mech-
anism is responsible. Voltage pulses have been seen in thick films (> I 4m) at
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frequencies that are 10 times faster than the thermal cutoff frequency. For a thermal
mechanism we would also expect the magnitude of the voltage pulse to be strongly
current-dependent. Yet the magnitude is found to be nearly independent of the current, as
long as the current exceeds a certain value. Below this critical current value, no pulses
are observed. This last effect is very reminiscent of the behavior of the flux-flow noise
described in this report. A closer examination, however, reveals no clear relationship
between the two effects other than that both are probably caused by a flux-flow mechanism.
Log V
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Fig. 11-7. X-Y recorder output from spectrum analyzer.
Arrows indicate beat frequencies.
The difference between the two effects is brought out when we consider film-
geometry effects. The pulses have been observed in ~30% of the films that had widths
greater than 2 mm. For narrow films (<0.8 mm) no pulses were observed, but only flux-
flow noise. The flux-flow noise power is proportional to f/w, where f is the length
of the film, and w is the width. This means that flux-flow noise usually could not be
detected in the wide films, but these wide films were more likely to have pulse gener-
ation.
While flux-flow noise is generated by all parts of the film, coherent pulses appear
to originate only in certain parts. This was shown by using 4 terminal contacts and film
geometries of different shapes and sizes. The geometries most likely to generate pulses
have sharp turns or cuts in the film. These films would be expected to have inhomo-
geneous current densities, and perhaps this is one necessary requirement for pulse
generation. At the present time, however, neither the mechanism responsible for
pulse generation nor the condition prerequisite for the instability are under-
stood.
J. M. Smith
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